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ABSTRACT 

The selection of the working fluid is an important part of design and optimization of ORC system as it 

effects the systems efficiency, design of ORC components, stability, safety and environmental impact. 

Present study aims to investigate the performance of ORC system using pure working fluids and 

zeotropic mixtures for low temperature geothermal heat source on the basis of thermodynamic and 

economic parameters of ORC system. Evaporator, expander, condenser and feed pump models are 

developed in MATLAB. The control volume approach is adopted for evaporator and condenser model 

with appropriate database of heat transfer and pressure drop correlations. For comparison, pure working 

fluids are taken as the base case. The ORC system with pure working fluid and zeotropic mixture under 

same heat and sink source conditions are optimized using multi objective genetic algorithm for 

maximum exergy efficiency and minimum specific investment cost. The exergy efficiency of ORC 

system with zeotropic mixture is improved by 14.33% compared to pure working fluid. The exergy 

destruction in evaporator and condenser is reduced by 24~30%. The fraction of more volatile 

component in zeotropic mixture effected the thermal and economic performance of ORC system, for 

current study the mass fraction of 40% of R245fa corresponds to optimum exergy efficiency and 

specific investment cost. For same condensing pressure and expander power, area of evaporator for 

pure working fluids and zeotropic mixture is also calculated. The required heat transfer area for 

zeotropic mixture is approximately 13% less than required for pure working fluid.  

1. INTRODUCTION

Organic Rankine Cycle (ORC) system effectively recovers low grade and waste heat and reduces the 

energy cost and environmental impact (Imran et al. 2015). Working fluid selection is considered as an 

important part of the design and optimization of an ORC system since the properties of the working 

fluid affect efficiency of system, design and size of the system components, system stability and safety, 

and environmental impact. During last few years, extensive research had been conducted for selection 

methodologies (Bao & Zhao 2013) and operating characteristics of pure working fluids for various ORC 

applications (Chen et al. 2010).  

Liu et al. (Liu et al. 2004) found that various working fluids at specific evaporation and condensation 

temperatures exhibited very similar thermal efficiencies although the thermal efficiencies were found 

to increase slightly with the critical temperature of the working fluids. They also used two improved 

parameters, total heat recovery efficiency and heat availability, to evaluate the performance of an ORC 

system, in lieu of traditional thermal efficiency indicators. Tchanche et al. (Tchanche et al. 2009) 

recommended R134A as the best working fluid for low temperature solar ORC systems among the 20 
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working fluids investigated. Lakew and Bolland (Lakew & Bolland 2010) pointed out that the selection 

of working fluid depends on the nature of the heat source, temperature level and the objective function. 

Saleh et al. (Saleh et al. 2007) screened out the best working fluid among 31 preselected working fluids 

using Backone equation of state. Hung et al. (Hung et al. 1997) shed light on that different slopes and 

shapes of saturation vapor curves were the most crucial characteristics of working fluids for ORCs, and 

that isentropic fluids were the most suitable for recovering low temperature waste heat. In later research, 

Hung et al. (Hung et al. 2010) found dry fluids could lead to a superheated state of vapor at the exit of 

the expander, reducing the network area in the TS diagram, as well as increasing the cooling load of the 

condenser.  

The second law analysis of ORC systems indicate about 70~80% of exergy destruction occurs in 

evaporator and condenser (Saidur et al. 2012). The non-isothermal evaporation and condensation of 

zeotropic working fluids makes them ideal choice for better temperature profile match between heat 

source, sink and working fluid and thus reducing the exergy destruction and improving the efficiency 

of the ORC system. Zeotropic working fluids has gained much interest in last few years (Lecompte et 

al. 2014). Li et al. (2014) investigated the effect of mixture composition for various working fluids and 

concluded that there exist an optimum value of mixture composition corresponding to highest net power 

output.  Heberle et al. (2012) performed the second law analysis of low temperature geothermal ORC 

system using zeotropic mixtures. The second law efficiency was improved by 4.3%. Dong et al. (2014) 

investigated the effect of mixture concentration, temperature glide, pressure ratio, and condensation 

pressure on first and second law efficiency. Most of the recent studies (Jung et al. 2015; Li et al. 2014; 

Liu et al. 2014; Zhao & Bao 2014) deal  with parametric performance and exergy analysis of ORC 

system considering the simple modeling approach for evaporator and condenser.  

Since zeotropic mixtures are considered superior to pure working fluids due to their non-isothermal 

evaporation and condensation. Therefore, design approach of evaporator and condenser as well as 

appropriate heat transfer and pressure drop correlations play key role in the accurate estimation of the 

potential of zeotropic mixture. Present study aims to investigate the potential of zeotropic mixtures for 

ORC application on the basis of cycle thermodynamic performance and economic assessment 

considering the detailed condenser and evaporator model.  

2. SYSTEM DESCRIPTION

ORC system consist of evaporator, expander, condenser and a feed pump. The schematic of ORC 

system and TS diagram of the pure and zeotropic working fluid are show in Fig. 1.   

Figure 1: (a) Schematic of ORC (b) TS of pure working fluid (c) TS of zeotropic mixture

Two pure working fluids and their mixture has been considered in this study, detail of the working fluid 

and their characteristics are shown below in Table 1. 
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Table 1: Working fluid properties 

Working Fluid Physical Data Environmental Data 

Name Type 
M 

(kg/kmol) 

Pc 

(MPa) 

Tc 

(C) 

Tb 

(C) 
ODP GWP 

Isopentane Dry 72.15 3.380 187.2 27.8 0.00 20 

R245fa Dry 134.05 3.640 154.1 14.9 0.00 1030 

For ORC design & simulation, the heat source and sink conditions are presented in Table 2. 

Table 2: Design conditions of orc system for modeling and simulation 

Parameter Value Parameter Value 

Geothermal Water, Inlet Temperature 150 C Cooling Water, Inlet Temperature 15 C 

Geothermal Water, Inlet Pressure 5 bar Pinch point Temperature, Evaporator 10 C 

Geothermal Water, Mass Flow Rate 5 kg/s Pinch point Temperature, Condenser 7 C 

Isentropic Efficiency of Turbine 75% Isentropic Efficiency of Pump 60% 

3. THERMODYNAMIC MODELING

For complete ORC system modeling, an independent model of each component, evaporator, condenser, 

expander and working fluid pump are developed in MATLAB. Their inputs and outputs are connected 

to develop the single ORC model, consisting of two parts, exergy efficiency model and specific 

investment cost model. The ORC model is further optimized using multi objective genetic algorithm in 

MATLAB optimization environment. The results of each configuration of ORC system are compared 

at the optimum point. The detail layout of the complete model is presented in Figure 2.  

Figure 2: Detailed Layout of the optimization approach 

3.1 COMPONENT MODELING 

3.1.1 Evaporator Model 

The evaporator is divided into three parts, subcool, two phase and superheat section. The total area of 

the evaporator is given by 

𝐴 = n × 𝐴𝑝 = 𝑛 × [𝐿𝑝 × 𝑊𝑝] = 𝑛 × [(𝐿𝑠𝑝 + 𝐿𝑡𝑝 + 𝐿𝑠𝑝) × 𝑊𝑝] 1 

The total number of thermal plates are known, the plate length for each section is calculated by log 

mean temperature approach, the calculation process is iterative and generalized layout of the design is 

presented in Fig. 3. 
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Figure 3: The design layout of plate heat exchanger 

Initially, length of the plate is assumed and required plate length is recalculated based on the required 

amount of heat transfer, log mean temperature difference and overall heat transfer coefficient. The 

iterative process continues until the assumed length is equal to recalculated length. 

Single Phase 

The single phase Nusselt No. correlation for water in plate heat exchange is given by (Chisholm, D.; 

Wanniarachchi 1990) 

𝑁𝑢𝑤 = 0.724 (
6𝛽

𝜋
)

0.646

𝑅𝑒0.583𝑃𝑟0.33 2 

The single phase heat transfer coefficient for pure working fluids in plate heat exchanger (Hsieh & Lin 

2002) 

𝛼𝑟,𝑠𝑝 = 0.2092 (
𝑘𝑓

𝐷ℎ
) 𝑅𝑒0.78𝑃𝑟0.33 (

𝜇𝑚

𝜇𝑤𝑎𝑙𝑙
)

0.14

3 

For the zeotropic mixture, single phase heat transfer coefficient is estimated by Gnielinski correlation. 

𝛼𝑟,𝑠𝑝 =
(

𝑓
8⁄ )(𝑅𝑒−1000)𝑃𝑟

1+12.7(
𝑓

8⁄ )
0.5

(𝑃𝑟2/3)
where as    𝑓 = [1.82 log 𝑅𝑒 − 1.64]−2

4 

The plate length for single phase section is given by 

𝐿𝑠𝑝 =
Q𝑠𝑝

𝑈𝑠𝑝 × 𝐿𝑀𝑇𝐷𝑠𝑝 × 𝑊𝑝 × n
5 

Two Phase 

Since along the flow length of heat exchanger the vapor quality, temperature and concentration changes, 

therefore, control volume approach was adopted for evaporator modeling. The two phase section of 

evaporator is discretized and divided into N parts. The thermodynamic properties in each part are 

assumed constant and the variation in temperature difference is linear. The discretized temperature 

profile of two phase section of evaporator is shown in Fig. 4.  
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Figure 4: Control volume of two phase section of evaporator 

The convective heat transfer coefficient for R245fa in plate heat exchanger (D. H. Han et al. 2003) 

𝑁𝑈 = 𝐺𝑒1𝑅𝑒𝑒𝑞
𝐺𝑒2𝐵𝑜𝑒𝑞

0.3𝑃𝑟0.4 6 

where as 

𝐺𝑒1 = 2.81 (
𝑃𝑐𝑜

𝐷ℎ
)

−0.041

(
𝜋

2
− 𝛽)

−2.83

;  𝐺𝑒2 = 2.81 (
𝑃𝑐𝑜

𝐷ℎ
)

−0.082

(
𝜋

2
− 𝛽)

0.61
7 

The equivalent Reynolds number and boiling number is given by 

𝑅𝑒𝑒𝑞 =
𝐺𝑒𝑞𝐷ℎ

𝜇𝑓
;   𝐵𝑜𝑒𝑞,𝑖 =

𝑞"

𝐺𝑒𝑞 × 𝑖𝑓𝑔
 ;    𝐺𝑒𝑞 = 𝐺 [1 − 𝑥 + 𝑥 (

𝜌𝑓

𝜌𝑔
)

0.5

 ] 8 

While two phase frictional factor is given by (D. H. Han et al. 2003) 

𝑓 = 𝐺𝑒3𝑅𝑒𝑒𝑞
𝐺𝑒4 9 

where as 

𝐺𝑒3 = 64710 (
𝑃𝑐𝑜

𝐷ℎ
)

−5.27

(
𝜋

2
− 𝛽)

−3.03

; 𝐺𝑒4 = −1.314 (
𝑃𝑐𝑜

𝐷ℎ
)

−0.62

(
𝜋

2
− 𝛽)

−0.47
10 

For the zeotropic mixture, two phase heat transfer coefficient is estimated by Jung’s Correlation (Jung 

et al. 1989). 

11 

The plate length for two phase section is given by 

𝐿𝑡𝑝 =
∑ Q(𝑡𝑝,𝑖)

𝑁
𝑖=1

𝑈(𝑡𝑝,𝑖) × 𝐿𝑀𝑇𝐷(𝑡𝑝,𝑖) × 𝑊𝑝 × n
12 

3.1.2 Condenser Model 

The condenser model is similar to the evaporator model except the heat transfer correlation during 

condensation. For water side the heat same transfer correlations were used while for two phase 

condensation of pure working fluids is given by (D. Han et al. 2003). 

𝑁𝑢 = 𝐺𝑒5𝑅𝑒𝑒𝑞
𝐺𝑒6𝐵𝑜𝑒𝑞

0.3𝑃𝑟0.4 13 

Where as 

𝐺𝑒5 = 11.22 (
𝑃𝑐𝑜

𝐷ℎ
)

−0.041

(
𝜋

2
− 𝛽)

−4.5

;  𝐺𝑒6 = 0.35 (
𝑃𝑐𝑜

𝐷ℎ
)

0.23

(
𝜋

2
− 𝛽)

1.48
14 
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For the zeotropic mixture, two phase condensation heat transfer coefficient is estimated by (Del Col et 

al. 2005).  

15 

3.2 Energy & Exergy Analysis 

Network and thermal efficiency of the ORC system is given by 

W𝑛𝑒𝑡 = �̇�[(ℎ4 − ℎ5) − (ℎ2 − ℎ1)]    ;       𝜂thermal =
W𝑛𝑒𝑡

Q𝑒𝑣𝑝
× 100 16 

The physical exergy at 𝑖𝑡ℎ point of 𝑗𝑡ℎ component of ORC system is given by

𝜖𝑖,𝑗 = 𝜖𝑃ℎ𝑦 = �̇�[(ℎ − ℎ𝑜) − 𝑇𝑜(𝑠 − 𝑠𝑜)] 17 

The exergy loss and exergy efficiency of the ORC component is shown in Table 3 

Table 3: Exergy loss and exergy efficiency of orc components 

Component 
Available 

Exergy 

Used 

Exergy 
Exergy Loss 

Exergy 

 Efficiency 

Pump W𝑝 ∈2−∈1 ∈t= W𝑝 − (∈2−∈1)
∈2−∈1

W𝑝

Evaporator ∈wh,i−∈wh,o ∈4−∈2 ∈e= (∈wh,i−∈wh,o) − (∈4−∈2)
(∈4−∈2)

(∈wh,i−∈wh,o)

Turbine W𝑡 ∈4−∈5 ∈p= W𝑡 − (∈4−∈5)
∈4−∈5

W𝑡

Condenser ∈5−∈1 ∈wc,i−∈wc,o ∈c= (∈5−∈1) − (∈wc,i−∈wc,o)
(∈wc,i−∈wc,o)

(∈5−∈1)

The exergy efficiency of the system is given by 

𝜂𝑒𝑥𝑒𝑟𝑔𝑦 =
∑ 𝜖𝑢𝑠𝑒𝑑

∑ 𝜖𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
=

𝑊𝑛

𝜖𝑒 + 𝜖𝑝
18 

4. ECONOMIC MODELING

Bare module cost method is one of the reasonable cost estimation approach for power plant equipment 

(Turton 2009) and has been used for cost estimation of ORC system as well (Imran et al. 2014; Wang 

et al. 2013). Generalized cost correlation of individual components ORC is given by 

Cost ($) =
CEPCI2014

CEPCI1996
× 𝐹𝑆 × Ć𝑏 × {𝐵1 + (𝐵2 × 𝐹𝑀 × 𝐹𝑃)} 19 
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Basic cost,Ć𝑏, of the components is given by

log Ć𝑏 = {𝐾1 + 𝐾2(log 𝑍) + 𝐾3(log 𝑍)2} 20 

The pressure factor for heat exchanger is given by 

log 𝐹𝑃 = {𝐶1 + 𝐶2(log 𝑃) + 𝐶3(log P)2} 21 

Total cost, 𝐶𝑇 is the sum of cost of evaporator, condenser, expander and working fluid pump. The

specific investment cost (SIC) of ORC system is given by 

SIC($
𝑘𝑊⁄ ) =

[𝐶𝑇+𝑂𝑀𝐶]

[𝑊𝑛𝑒𝑡]
22 

Whereas 𝑂𝑀𝐶 is operation and maintenance cost and is taken as 30% of total cost (Quoilin et al. 2011). 

5. OPTIMIZATION APPROACH

The individual model of ORC components are connected in MATLAB with thermal and economic 

model. For pure and zeotropic working fluids, the ORC system was optimized for minimum specific 

investment and maximum exergy efficiency under logical bound of evaporation temperature, mass 

fraction of more volatile component and pinch point temperature in evaporator. The optimization was 

performed using multi objective genetic algorithm. The results of optimization of ORC system with 

pure and zeotropic working fluid are compared.  

6. RESULTS AND DISCUSSION

There is trade off between exergy efficiency and specific investment cost so single value of decision 

variables cannot satisfy both objective functions simultaneously. Therefore, optimization results are 

presented in the Pareto Front form as shown in Table 4 and Fig. 5.  

Figure 5: Pareto Front Solution of ORC system for zeotropic mixture 

After the optimum operating point B, there is sharp increase in specific investment cost with slight 

increase in exergy efficiency. The optimization results in Table 3 shows that the exergy efficiency of 

ORC system with zeotropic mixture is 13.7% higher than ORC system with R245fa and 26.6% higher 

than R601a. From point A to point B the exergy efficiency has improved significantly with slight 

increase in specific investment cost, from point B to point C there is slight increase in exergy efficiency 

while there is sharp increase in specific investment cost. Pint A present the low SIC and low efficiency, 

point C represent high SIC and high exergy efficiency, whereas point B shows the optimum range of 

exergy efficiency and SIC.  
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Table 4: Pareto Front Solution of ORC system with pure and zeotropic working fluids 

Working 

Fluid 

Optimized Parameters Objective Functions Cycle Performance 

Mass 

Fraction 

Evaporation 

Pressure 

Pinch Pint 

Evaporator 

Specific 

Investment 

Cost 

Exergy 

Efficiency 

Thermal 

Efficiency 

Temperature 

Glide 

% bar C $⁄kW % % C 

R245fa 100 10.45 8.50 3692 44.73 8.79 0.00 

R601a 100 6.15 9.20 3857 40.15 9.89 0.00 

R245fa+R601a 40+60 8.45 8.25 3416 50.85 10.06 6.16 

Based on the Pareto Front solution, under considered conditions an empirical correlation has been 

developed for specific investment cost.  

𝑆𝐼𝐶 ($
𝑘𝑊⁄ ) = 0.078η4 − 9.78η3 + 403.13η2 − 5403.38η 23 

Empirical correlation is valid within given range of operating condition, and exergy efficiency 

33% ≤ 𝜂𝑒𝑥 ≤ 54% 24 

The exergy destruction for each working fluid is calculated at their optimum evaporation temperature 

and mass fraction. The exergy destruction and irreversibilities in ORC are shown in Fig. 6. The 

maximum exergy destruction occurs in evaporator and condenser, accounts more than 70% of total 

system exergy loss.  

ORC system with zeotropic mixture has 21% less exergy destruction in evaporator and 28% less exergy 

destruction in condenser compare to ORC system with pure working fluid R601a and R245fa 

respectively.  

Figure 6: Exergy destruction of ORC components and irreversibilities distribution of ORC system 

The effect of the evaporation temperature and mass fraction of more volatile component on exergy 

efficiency and specific investment has been estimated, as shown in Fig. 7.  

Figure 7: Effect of evaporation temperature and mass fraction of R245fa on exergy efficiency and SIC
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With increase in evaporation temperature, the net power increase initially and after optimum 

evaporation temperature it start to decrease. As a result the SIC decrease with increase in evaporation 

temperature and after optimum evaporation temperature again start increasing. Since exergy efficiency 

is affected by both the net power output and total exergy destruction. Therefore exergy efficiency 

increases due to increase in net power and decrease in exergy destruction. However at elevated 

evaporation temperature the increase in exergy efficiency is not so sharp due to decrease in net power. 

There is an optimum value of mass fraction of more volatile component where the temperature glide is 

maximum and so the exergy efficiency and net power. At 40% mass fraction of R245fa the temperature 

glide was maximum, 6.16C, therefore, the exergy loss in evaporator and condenser was minimum. 

Similar trend was observed for net power of ORC system, the maximum power is observed at 40% 

mass fraction of R245fa. The net power decreased before and after the optimum value, 40%, of R245fa 

mass fraction. Therefore, the specific investment cost ORC system is minimum at optimum mass 

fraction of more volatile component R245fa.  

Since the major advantage of zeotropic mixture is achieved in evaporator and condenser, therefor, for 

economic point of view, the evaporator and condenser area is estimated for each pure working fluid and 

zeotropic mixture. Under constant condensing temperature, degree of subcooling and turbine power, 

total heat transfer area of evaporator and condenser is estimated. Results of the comparison is shown in 

Table 5.  
Table 5: Heat transfer area of evaporator & condenser 

Component 
Heat Transfer Area (m2) 

R245fa R601a R245fa-R601a 

Evaporator 128 138 121 

Condenser 141 144 126 

7. CONCLUSIONS

Simulation study has been performed for the potential of zeotropic mixture application in ORC system 

and the results are compared with ORC using pure working fluids. Following conclusions can be drawn 

from the study. Due to non-isothermal evaporation and condensation, the exergy loss in evaporator and 

condenser is reduced considerably. The ORC system with zeotropic mixture has better exergy efficiency, 

14.33% higher than ORC using pure working fluids. The overall exergy destruction has been reduced by 

21% using the zeotropic mixture as working fluid. The composition of the mixture has an important effect 

on the ORC system performance, which is always associated with the temperature glide during the phase 

change of the mixture. Consequently, an optimal mixture concentration exists which maximizes the second 

law efficiency. For current study the optimum mass fraction of R245a is 40%. For constant condensing 

temperature, heat source amount and turbine power, required heat transfer area of evaporator and condenser 

using zeotropic mixture is relatively small compare to pure working fluids. The heat transfer area of 

evaporator and condenser has been reduced by 13% and 12% respectively. Although a number of studies 

have been conducted on zeotropic mixture but only limited experimental data is available about two phase 

heat transfer of zeotropic working fluids. Moreover the effect of composition shift has not been widely 

explored which is caused by the differential hold up in evaporator and condenser. Further experimentation 

of two phase heat transfer and data base of mixture properties is essential for accurate modeling of ORC 

system with zeotropic mixtures.   

NOMENCLATURE 

𝐴 area, m2 𝑈 overall heat transfer coefficient, W.m-2.K-1 

𝐵𝑜 boiling number 𝑛 no. of thermal plates 

CEPCI chemical engineering plant cost index 𝑁𝑢 Nusselt number 

𝐶𝑝 Specific Heat Capacity, J/kg.K 𝑃 pressure, Pa 

𝐷ℎ hydraulic diameter, m 𝑃𝑟 Prandtl number 

𝑓 friction factor 𝑞′ average heat flux, W.m-2 
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𝐺 mass velocity, kg.m-1.s-1 

𝐺𝑠𝑡𝑎𝑟𝑡 stratified flow transition mass velocity 𝑄 heat transfer rate, kW 

𝐺𝑤𝑎𝑣𝑦 wavy flow transition mass velocity 𝑅𝑒 Reynolds number 

h Specific Enthalpy, kJ/kg SIC Specific investment cost, $/kW 

𝑖𝑓𝑔 enthalpy of vaporization, J.kg-1 𝑇 temperature, ℃ 

𝑘 thermal conductivity, W.m-1.K-1 𝑥  liquid phase mass fraction 

LMTD Log mean temperature difference, ℃ 𝑋𝑡𝑡 Martinelli parameter

�̇� mass flow rate, kg.s-1 𝑦 vapor phase mass fraction 

Subscripts 

𝑒𝑞 equivalent 
Greek Letters 

𝑓 liquid phase 

𝑔 vapor phase 𝛽 chevron angel, degree 

𝑝 plate ∈ Physical exergy, kJ 

𝑤 water 𝜌 density, kg.m-3 

𝑟 refrigerant side 𝜇 viscosity, kg.s-1.m-1 

𝑠𝑝 single phase 𝜂 Efficiency 

𝑡𝑝 two phase 𝛼 Heat transfer coefficient, W/m2.K 

𝑓 liquid phase 𝜃 Falling film angle 

𝑔 vapor phase 

𝑤 water side 
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